The growth of meat-spoiling Pseudomonasfragi 72 was studied on a defined salt medium supplemented with L-aspartate, citrate, creatine, creatinine, D-glucose, L-glutamate, and L-lactate. The utilization of the different carbon sources was followed in batch and continuous culture and under the influence of oxygen limitation and carbon dioxide inhibition (50% CO2 in air). Under nonrestricted atmospheric conditions in batch culture, the organism showed a preference in the utilization of the carbon sources in the order glucose > lactate > citrate > aspartate-glutamate > creatine > creatinine. The first five sources were utilized simultaneously. The order of preference was changed in continuous culture to lactate-citrate-glutamate-aspartate > glucose > creatine > creatinine. All carbon sources were utilized at lower dilution rates, but as the rate was increased the concentration of the carbon sources started to increase in the effluent and the preference could be seen. Under conditions of oxygen limitation the preference for glucose was weakened, but for lactate it was slightly enhanced (batch and continuous culture). Under conditions of CO2 inhibition, the preference for glucose was enhanced. However, lactate and amino acids were still preferred to glucose in the continuous culture. The utilization of creatine and creatinine was blocked by CO2 in batch culture, and only a slight utilization of creatine was noticed in a chemostat at lower dilution rates.
When beef, pork, lamb, poultry, and fish stored aerobically under refrigeration become spoiled it is generally considered to be due to the activity of pseudomonads (4, 13, 15, 16, 20, 27) . The most common Pseudomonas species found in beef, pork, lamb, and poultry meat appears to be Pseudomonas fragi (2, 4, 25, 31) .
According to Gill (13) , the spoilage flora growing on a meat surface utilizes compounds such as glucose, free amino acids, and lactate. These carbon sources are present in adequate amounts to support growth until spoilage has occurred; i.e., even if the concentration is decreasing in the uppermost layer, the compounds diffuse from below. Proteolytic activity and penetration of bacteria down in the tissue does not occur before the meat is already spoiled. Furthermore, Gill (13) has claimed that the Pseudomonas flora has a preference for glucose, and it is not until glucose is depleted that the organisms attack the free amino acids (the amino acids are consumed before lactate [14] ), and at this stage the meat soon gives off an offensive odor because of the production of volatile by-products from the amino acid catabolism. In fact, Gill (13) has suggested that this is the explanation for the short shelf life of meat with a high pH (meat deficient in glucose [DFD meat]), i.e., the Pseudomonas flora utilize free amino acids from the start; hence, the meat spoils quickly.
An important environmental factor capable of strongly restricting aerobic growth is the gas phase. It has been suggested that the maximum aerobic cell density on the meat surface is not determined by substrate limitation but by oxygen limitation (13) . Moreover, Newton and Rigg (26) have claimed that Pseudomonas cells growing at submaximal rates under oxygen limitation would not be subjected to catabolite repression and so could degrade amino acids in the presence of glucose, indicating that under the free availability of oxygen the cells would be under catabolite repression of glucose.
However, the growth of Pseudomonas spp. is affected not only by the partial pressure of oxygen, but also by the pressure of carbon dioxide (7, 8, 21) . As soon as the meat is packed in plastic film, the carbon dioxide content of the gas phase increases to a point at which it influences the growth rate of Pseudomonas spp. The growth rate of P. fragi 72 was reduced by 17 to 19% with only 4% carbon dioxide in the gas phase (defined medium at 25°C [21] (3, 10, 11, 24) .
The purpose of this study was to illuminate the carbon source utilization of P. fragi growing on a mixture of compounds that may be available on the surface of meat and the effect of oxygen limitation or carbon dioxide inhibition on this utilization. P. fragi 72, which originates from spoiled, refrigerated beef, has been found previously to be a typical meat-spoiling strain (25) . The organism was grown in batch and continuous cultures on a mixture of L-aspartate-citratecreatine-creatinine-D-glucose-t-glutamate-L-lactate.
MATERIALS AND METHODS
Organism and inoculation procedures. The organism used was P. fragi 72, which was originally isolated from refrigerated, spoiled beef. P. fragi 72 has been characterized previously (25) . Stock cultures were freeze-dried and stored at 4°C. Before inoculation P. fragi was subcultured first in nutrient broth for 8 h (25°C, pH 6.0; Difco Laboratories, Detroit, Mich.) and then in the salt medium described below supplemented with L-aspartic acid-citric acid-creatine-Dglucose-L-glutamic acid-L-lactic acid (at the concentrations given below) and incubated for 15.5 h (25°C and pH 6.0). The fermentor described below was then inoculated with 80 ml of the growth suspension. The inoculate gave an A620 to the fermentor medium of about 0. Fig. 1 .
Glucose and the amino acids were the first compounds to be depleted. However, the utilization of the different carbon sources (with the exception of creatine and creatinine) apparently began simultaneously. The utilization of creatine and creatinine began when glucose and nearly all of the amino acids were depleted and the biomass had reached a fairly high value. The viable count at this point (7 h; A620 = 2.40) was 109 CFU/ml, whereas it was 1.4 x 108 CFU/ml at the beginning of the experiment. Figure 2 shows the utilization of the different compounds when, in contrast to the previous experiment, they were present initially at the same concentration. This utilization was studied under different atmospheric conditions. Under a nonrestricted atmosphere (air), the organism showed a preference in utilizing the different carbon sources in the order glucose > lactate > citrate > aspartate-glutamate > creatine-creatinine (Fig. 2a) .
When P. fragi was oxygen limited (Fig. 2b) In 50% CO2 (no oxygen limitation), the preference for glucose was enhanced as compared with the situation in air (Fig. 2c) . The utilization of creatine and creatinine was blocked for at least 24 h (Fig. 2c) .
The maximum specific growth rate (ILmax) of P. fragi 72 was 0.5 h-1 in air and 0.2 h-1 in 50% COr-air. The final growth yield was 0.3 g (dry weight) per g of consumed carbon source in all tested gas atmospheres. The utilization of glucose, creatine, and creatinine is more closely demonstrated in Fig. 3 (same experiment as that shown in Fig. 2a) . A large proportion of glucose was converted to gluconate, and a considerably smaller proportion was converted to gluconolactone before catabolism.
Creatine was utilized at a slightly higher rate than creatinine (Fig. 3) . The viable count was 1.5 x 108 CFU/ml at the start (time zero) and 109 CFU/ml after 7 h (end of the biomass curve).
Continuous cultures. The utilization of the different carbon sources by P. fragi 72 under different gas atmospheres in continuous culture is shown in Fig. 4 . The cultures can be characterized as a carbon source-limited chemostat at the lower dilution rates. However, as the dilution rate increased, the concentration of the different carbon sources in the effluent started to increase, and the order of preference for a certain carbon source could be established.
In air, the preference was very low for creatine or creatinine and slightly lower for glucose than for the rest of the carbon sources (Fig. 4a ). When the culture was oxygen limited, the organism preferred the carbon sources in the order lactate > glutamate > citrate-aspartate > glucose > creatine-creatinine (Fig. 4b) .
Under CO2 inhibition, the utilization of creatine or creatinine was very weak, whereas the order of preference for the remainder was lactate > aspartate-glutamate > glucose-citrate (Fig. 4c) . DISCUSSION The utilization of a mixed carbon source by P. fragi 72 was examined in batch and continuous cultures. With regard to the continuous culture, it should be noted that a biofilm was established at the higher dilution rates. The establishment of such a biofilm at dilution rates near the maximum specific growth rate (ULmax) and the effect of such a biofilm on the growth characteristics of a chemostat with Pseudomonas spp. has been reported previously (22, 23) . However, in the present study it was not considered crucial whether the organism was represented by freely suspended cells or attached ones. In fact, the microbiological activity on meat takes place in a biofilm on the meat surface.
In general, batch and continuous cultures gave similar results with regard to the organism's preferred carbon source. However, one important exception was the preference for glucose; i.e., the organism started to utilize glucose in the batch culture (Fig. 1) , whereas glucose was released at a relatively early stage in the continuous culture (Fig. 4) . This may be due to the establishment of a biofilm in the continuous culture; i.e., the recorded difference in glucose preference may be the difference between immobilized and suspended cells.
However, there are other explanations that should be considered. Microorganisms can have different uptake systems for glucose. For example, Pseudomonas aeruginosa alternatively can take up glucose directly or convert it to gluconate and 2-oxogluconate on the outside of the cell membrane before uptake (5) . Furthermore, the glucose concentration has a controlling effect on the choice of an uptake system by an organism (17, 19) . The glucose concentration of the microenvironment in the present study differed between the two culture systems. Hence, the balance be- Hofle (18) has shown that the uptake potential for glucose increases in time in a glucose-limited chemostat of Cytophaga johnsonae. Similar results have been reported for Escherichia coli growing on tryptophan (28) .
It is generally considered that the spoilage bacteria of meat utilize low-molecular-weight, soluble compounds (4, 15) . The mixture of carbon sources in the present study included glucose, amino acids (aspartate and glutamate), lactic acid, creatine, creatinine (in the medium some creatine spontaneously converted to creatinine), and citric acid (included in this study to prohibit precipitation in the medium). In most of the experiments the carbon sources were included in equimolar amounts. However, in one series of experiments the proportions were related more to the actual proportions of meat ( Fig. 1 [15] ). With respect to the amino acids, only aspartate and glutamate were included, and this was at a proportion that approximately corresponded to the total amount of free amino acids in the meat. However, glutamate and glutamine have been shown to represent a significant part of the total content of free amino acids in lean pork (35% [12] ).
In published reports, considerable emphasis has been placed on the theory that glucose plays a key roll in the mechanisms of aerobic meat spoilage (13, 15) . Glucose is said to cause catabolite repression on the amino acid catabolism of Pseudomonas spp.; hence, these organisms only utilize glucose if there is any left after they start to utilize amino acids, thus spoiling the meat. It is assumed that the breakdown products from amino acids are much more deleterious to the meat quality than those from glucose. For example, Gill and Newton (14) have shown that fluorescent and nonfluorescent Pseudomonas spp. in meat juice medium utilize glucose better than amino acids and amino acids better than lactic acid.
The results of this study contradict the results described above on the following grounds: (i) P. fragi 72 utilized glucose, lactate, and the two tested amino acids simultaneously; (ii) P. fragi 72 preferred lactate before the amino acids (especially under conditions of 02 limitation).
In this context, it may be pointed out that the utilization rate of glucose could easily be misread because of the conversion of glucose to, for example, gluconate (Fig. 3) , i.e., if the amounts of these converted products were not analyzed. Gill and Newton (14) have given no indication that they carried out tests to determine such possible intermediates.
The theory of the critical role of glucose has been extended further by Gill (13) in the context of beef with high pH (DFD-beef). Gill has suggested that the reason for the rapid spoilage of DFD-beef is not the higher pH but the lower amount of glucose in this meat; i.e., the Pseudomonas flora immediately attacks the amino acids, after which the meat becomes spoiled. However, there is a considerable amount of lactate in DFD-meat, i.e., about 40 ,umol/g in beef with a pH above 6.2 (normal beef, about 90 ,umol/g; S.
Fabiansson, Ph.D. thesis, Swedish University of Agricultural Sciences, Uppsala, 1984) . Considering that P. fragi 72, irrespective of the presence of glucose, utilized lactate simultaneously with the amino acids and even preferred lactate before the amino acids, the DFD-meat hypothesis of Gill is weak. Thus, the results of this study indicate that (i) the role of glucose in the spoilage of meat may have been overemphasized in the literature and (ii) lactate is of equal importance as glucose as a carbon source of meat-spoiling Pseudomonas.
Results of the present study demonstrate that P. fragi 72 is able to utilize creatine. This does not agree with results of the study of Gill and Newton (14) , in which the Pseudomonas strains they tested were unable to utilize creatine. However, the capacity to utilize creatine is fairly common for the dominating Pseudomonas flora of meat (P. fragi [2, 31] ).
It was shown that oxygen limitation does not change the preferred carbon source sequence order of the organism. This opposes the view that the preference of Pseudomonas flora for amino acids would increase under conditions of oxygen limitation (26, 27) .
Finally, carbon dioxide was shown to change slightly the order of preference of the carbon sources. Thus, the particular preference for glucose, compared with that for amino acids, was enhanced in the presence of 50% CO2 (batch cultures; Fig. la and c) . In continuous culture the same tendency for glucose utilization may be traced, but here, an increased tendency to prefer lactate was more obvious (Fig.  4a and c) . One possible explanation for this could be that CO2 inhibited cell activity by interfering with the cell membrane (9, 30) . Thus, test results similar to those of this study have been reported by Eklund (6) from studies on the inhibitory effect of p-hydroxybenzoic acids (parabens) on P. aeruginosa. The inhibitor affected the cell membrane, and the uptake of amino acids through this affected membrane was strongly inhibited. At the same time, the passage of glucose was unaffected. Furthermore, Tan and Gill (32) have shown that CO2 exhibited a stronger inhibitory effect on the uptake of aspartate than of glucose in Pseudomonas fluorescens.
